Abstract Remote sensing (RS) and geographic information systems (GIS) are very useful for environmental-related studies, particularly in the field of surface water studies such as monitoring of lakes. The Dead Sea is exposed to very high evaporating process with considerable scarcity of water sources, thus leading to a remarkable shrinkage in its water surface area. The lake suffers from dry out due to the negative balance of water cycle during the previous four decades. This paper discusses the application of RS, GIS, and Global Positioning System to estimate the lowering and the shrinkage of Dead Sea water surface over the period . A set of multitemporal remote sensing images were collected and processed to show the lakes aerial extend shrinkage from 1973 up to 2004. Remote sensing data were used to extract spatial information and to compute the surface areas for Dead Sea for various years. The current study aims at estimating the fluctuation of Dead Sea level over the study period with special emphasis on the environmental impact assessment that includes the degradation level of the Dead Sea. The results indicated that there is a decrease of 20 m in the level of the Dead Sea that has occurred during the study period. Further, the results showed that the water surface area of the Dead Sea has shrunk from 934.26 km 2 in 1973 to 640.62 km 2 in 2004.
Introduction
In recent years, the environmental degradation issues have become a primary research area due to the excessive human and natural activities (Huang 1993) . The problem of water surface shrinkage has become a global environmental challenge. Over the last few decades, several researchers have used both space borne and airborne remote sensing data for various environmental related studies such as water surface shrinkage (Huang 1993; Wolf 1995; Clark 1993; Shen 1993; Kostianoy et al. 2004; Carder et al. 1989; Sheng and Kuang 2003; French et al. 2006; Lu et al. 2006; Bastawesy et al. 2007 Bastawesy et al. , 2008 Wu et al. 2007; Zhao et al. 2007 Castaneda et al. 2005 Ke 2004; Jiang and Huang 2004; Qiao et al. 2010) . In recent years, space borne satellite images have been largely used in the environmental related studies (AlFugara et al. 2009 (AlFugara et al. , 2011a Pradhan 2009 Pradhan , 2010a Pradhan , b, 2011a Pradhan and Buchroithner 2010; Biswajeet and Saied 2010; Pradhan et al. 2010a, b; Pradhan and Youssef 2010; Bolch et al. 2011; Pirasteh et al. 2011; Manap et al. 2012; Youssef et al. 2011 Youssef et al. , 2012 . In a paper, Ritchie et al. (1997) used hyperspectral sensors for water studies and proved to be efficient for smaller areas, as it is not comprehensive enough to include larger areas of water surface. Similarly, in another paper, Ritchie and Charles (2001) exploited various remote sensing data for several environmental related studies. Over the last decade, a lot of research has been conducted on the Dead Sea (Salameh and El-Naser 2000; Al-Hanbali et al. 2005) . Closson et al. (2003) investigated the deformation and the subsidence hazards of the Dead Sea using radar interferometry. Their study indicated the deformations and the affected zones by collapse features at several places within the Dead Sea area.
Dead Sea covers about 405 square mile (46 miles long and 10 miles in width); with high salinity percentage attaining at least 10 times more than any other sea water. Geographically, the Dead Sea is located between the latitude 31°30′ and 35°30′, and longitude 31°22′ and 35°37′. The study area is located in the Jordan Rift Valley representing an important part of the Great Syrian-African Rift Valley Transform Fault (Fig. 1) . The latter constitutes a sinisteral transform plate boundary separating the African plate and the Arabian plate (Purser et al. 1998) . Dead Sea is an arid zone with an annual average precipitation not exceeding 70 mm/year. The principal source of water is the runoff water which comes mainly from the Jordan River watershed. Many reservoirs are present in this watershed. This paper aims at studying the fluctuations of water levels due to the shrinkage of Dead Sea and its environmental impacts and possible consequences. In this paper, we used Landsat images as a primary source of remote sensing data. Landsat images for the period 1973-2004 was used to study the shrinkage of water surface whereas Landsat images for the period 1810-2005 was used to study the fluctuation level of the Dead Sea surface area.
Data and methodology

Data
Different types of datasets were used to achieve the objectives of the current research which include (1) Landsat MSS images, 
Methodology
Geometric correction
Landsat MSS images were acquired in 1973, and TM images acquired in 1983 and 2004 were rectified using GPS points and a set of coordinates from the topographic maps using ENVI software (version 4.3). The geometric correction was established followed by an edge enhancement technique was applied to three images for the delineation of Dead Sea water surface.
Atmospheric correction
The satellite images were also corrected from atmospheric effects. The DN were converted to at-sensor radiance L sat (watts per square meter steradian per micrometer), using the gains and offsets in the image header files. For Landsat ETM+sensors, L sat was calculated as follows:
where, L max and L min are the calibration factors (watts per square meter steradian per micrometer), DN max and DN min represent the maximum and minimum digital number values as DN max 0255, DN min 00, respectively. The L sat was calibrated to scale surface reflectance after atmospheric corrections using a dark object subtraction approach, which is an efficient method for atmospheric correction (Teillet and Fedoesjeves 1995) . The surface reflectance ρ was calculated using Eq. (2):
where: T s and T z are the transmittance of the atmosphere in the view and illumination directions, respectively E down is the downwelling diffuse radiation E 0 is the exoatmospheric radiation entering to the atmosphere 0 is the sun zenith angle L p is the path radiance due to atmospheric effects, and G is the sensor gain and B the bias used for converting the sensor signals (DN) to at satellite radiance. The other variables are already explained in Eq. (1).
The header file of the satellite image provided the G, B, and values. Whereas, the values of T v , T z , and E down are assumed as 1, 1, and 0, respectively. One can obtain the value of E 0 from Landsat-7 Science Data User's Handbook Geographical Study (Irish 2008) . The main steps of the adopted methodology are as follows: (1) digital image processing system, (2) field surveying, and (3) data analysis and interpretation using GIS.
The level of Dead Sea was measured by GPS Leica 1200 instruments in 2005 and in 2006. The previous dates were taken from a work conducted by Swarieh et al. (2000) .
Results and discussion
The three corrected and enhanced Landsat images were used to delineate the water body of the Dead Sea for the years 1973 , 1983 using ArcGIS software, version 9.3 (Maguire 2004 . The projection of the used images was transformed to Jordan Transverse Mercator projection system. Subsequently, an overlay analysis was performed to evaluate the shrinkage over the study period.
These results are presented in Fig. 2 . The area of each polygon represents the surface of Dead Sea at the previous dates which was computed in ArcGIS software. The obtained results are illustrated in Table 1 . These results were used to calculate the amount of shrinkage for the three dates ( Table 2 ). The polygons representing the Dead Sea for the three dates are overlaid using ArcGIS software (Fig. 3) .
The water levels were measured using the GPS equipment. The accuracy of the GPS equipment (Leica 1200) was 5 mm+1 ppm. Two reference control points were established by keeping the receivers for more than 2 h at the northern and southern part of the study area where dual frequency receiver was used in each location. A third receiver was used as a rover and subsequently configured to occupy the points required for orthophoto generation. (Table 3) . This study emphasizes the efficiency of RS, GIS, and modern field surveying techniques for monitoring the Dead Sea water level over an extended period of time (195 years for level fluctuation and 31 years for shrinkage). Remotely sensed data was the principal source of data which enabled the delineation of Dead Sea at different dates. During the study period, the results showed that there is a decrease in water surface from 934.863 km 2 (for the year 1973) to 640.620 km 2 (for the year 2004). This decrease represents 31.5 % from the surface area in 1973 (Fig. 4) . This significant decrease is associated with the reduction of water resources due to (1) the installation of many reservoirs, (2) climate changes, and (3) over utilization of the Dead Sea water. Table 2 presents the water surface changes measured in square kilometer over the periods of 1973-1983 and 1983-2004 ; also it presents, the percentage of changes which has occurred during this period. An extraordinary decrease in the surface area was observed during the mentioned periods. The reasons behind such decreases may be due to the followings:
1. Dead Sea area is located in a an arid environment, receiving an average annual rainfall not exceeding 70 mm/year 2. Decrease of water resources driven by the installation of many reservoirs intercepting the flowing water in the hydrographic pattern of the Dead Sea basin 3. Recent climate instabilities are noticed in Jordan 4. Increase of water consumption rates leading to exploitation of the surface and groundwater to fulfill the rising industrial and agricultural needs and 5. Industrial exploitation of Dead Sea water for filling the pans mainly for the production of potash
The main water source for the Dead Sea is the surface water, i.e., flowing water from high rainfall areas at both sides of the Rift Valley and from the northern side of the Jordan River. The second source is the subsurface flow from groundwater. In the past, the climatic variation was the main factor which has affected the Dead Sea water level, whereas, at the present time, it is remarkably noticed that the balance between in-charged and discharged water is greatly influenced by more than one factor (1) decreased flow from Jordan River, (2) dramatically increased consumption of the surface and fresh groundwater due to the industrial and agricultural progressive needs, and (3) the use of Dead Sea water for Potash production besides the radical changes of the climate accompanied by an increasing evaporation averages and the decrease of rainfall rates over Dead Sea Basin. The mining activities surrounding the Dead Sea increases the evaporation especially at the Southern part.
The historical records in terms of annual averages of Dead Sea level (1810-2005) is given in Table 3 . In the year 1895, there was a considerable increment of water level reaching up to −388. Figure 5 clearly illustrates the decrease and the increase of water levels during the study period. It can be clearly seen that all the measurements and the historical water level records were taken immediately after the rainfall period (at the end of April and May), to insure that the water levels measured in similar period and homogenous conditions. The Dead Sea lacks suitable water sources which have been subjected to scarcity since decades. The annual rainfall of the Dead Sea area is remarkably low with all the incoming streams are blocked by the dams. To predict the water level for the year 2050 of the Dead Sea surface, a simple mathematical computation was done to lengthen the curve presenting the lowering of Dead Sea over the period from 1810 to 2004 to cover the time interval from the year 1810 to 2050. The prediction was computed using mathematical interpolation method depending on the decrease of its level for the period 1985-2006. The average rate was computed as 17.50 m and used to calculate and estimate the possible lowering of the Dead Sea for the year 2050.
In order to achieve this, we considered the data from two previous decades (from 1985 to 2006) . Subsequently, a more precise method of calculation was employed. Firstly, the calculation was done based on the annual water budget of the Dead Sea Catchment area representing the water inputs, i.e., rainfall, runoff, and groundwater seepage. On the other hand, variation of the Dead Sea surface area with depth will reflect the expected outcome (evaporation). Such investigation will be conducted in the near future, by taking into consideration the hydrogeological and groundwater modeling of the Dead Sea catchment area.
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Dead Sea in 1973 Fig. 3 Map showing the shrinkage of Dead Sea surface area in three different years According to data presented in Table 1, Figure 6 presents the curve of estimated lowering of Dead Sea surface until 2050. In reality, the lowering of the Dead Sea over the previous period is unlikely to be estimated due to the possible effect of (1) the radical climate change, (2) the installation of new dams, and (3) the increase of water consumption for tourist, industrial, and agricultural activities. Dry out with a value of 36.67 m means that the Dead Sea will be transformed to a group of small water ponds and the water will absconder far from the tourist sites and industrial infrastructure. This difference in the elevation is of prime importance from economical point of view, in addition to severe environmental and economical impacts. Moreover, the adjacent aquifers are seriously affected by the decline of Dead Sea level (Yechieli 1996; Yechieli et al. 1998) . As a result to such lowering, many sinkholes appeared along the Dead Sea shoreline, probably caused by the inflow coming from the lowered water stream and groundwater to the Dead Sea (Bowman and Gross 1992) . This can be explained through the process of balancing of Dead Sea water and the fresh groundwater. An international unique project known as Red-Dead Canal Project will be an ideal solution to prevent the Dead Sea from vanishing, through transferring the Red Sea water from south of Jordan to the Dead Sea. -340  1820  1830  1850  1860  1870  1880  1890  1900  1910  1925  1935  1955  1965  1975  1985  1995 
